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Introduction

Materials and methods 132
Study site 133
In Guinea-Bissau, green turtles nest throughout the Bijagós Archipelago, with the vast 134 majority of the clutches laid at Poilão (10°52'N, 15°43'W, Catry et al. 2002; Catry et al. 135 2009), the smallest and southernmost island within the João Vieira and Poilão Marine 136 National Park (JVPMNP, Fig. 1a ). An estimate of 29,000 clutches are laid annually here 137 (Catry et al., 2009 ). Poilão has a total area of 43 hectares, is covered by undisturbed tropical 138 forest, and sandy beaches extend for 2 km of the ca. 4 km coastline (Fig. 1b) . The nesting 139 season (mid-June to mid-December, peaking in August and September, Catry et al. 2002) , 140 largely coincides with the rainy season (May to November), although sporadic nesting 141 occurs year-round (Castro Barbosa pers. obs.). 142 143
Temporal nesting distribution 144
To assess the number of adult female emergences we conducted systematic track counts 145 from 7 August to 21 November in 2013 (106 days), and from 10 August to 28 November in 146 2014 (111 days). Weather conditions prevented us from surveying the beach on seven 147 (6.6% of the period covered) and three (2.7% of the period covered) days, in 2013 and 2014, 148 respectively. We used linear interpolation to account for missing data (Godley et al. 2001c) . 149
Our surveys did not cover the beginning and end of the nesting season, so previous surveys 150 (2000 and 2007, Catry et al. 2009 ), were used to reconstruct mean nesting frequency 151 distribution at Poilão, at the start and end of the season. Following Metcalfe et al. (2015) we 152 pooled daily counts into half-month bins, and divided each half-month value by the maximum 153 half-month value (i.e. bin with the highest track count), to obtain a distribution of the mean 154 proportion of the season's maximum. We did not divide each bin by the total sum of the track 155 counts because, as mentioned above, not all of each season's emergences were recorded. 156
We further reconstructed one half-bin at the beginning of the season, starting in 15 June, by 157 attributing a value of 50% of the subsequent half-month bin, to cover the whole nesting 158 season (Metcalfe et al., 2015) .
Spatial nesting distribution 160
The nesting area was divided in four beach sections, from West to East (1 -4, Fig.1b) . A 161 smaller beach in the east (5, Fig.1b ) was not monitored due to difficult access, and nests 162 here represent < 5% of the overall numbers (Castro Barbosa pers. obs.). Within each 163 section we classified the distribution of nests according to three habitats: 'forest', 'forest from > 1 m of the vegetation to the high tide line, exposed to the sun throughout all or most 168 of the day (see Fig. S1 ). 169
Due to the exceptionally high nesting density at Poilão, females typically disturb each other's 170 nests (Catry et al., 2009 ), making it impractical to locate these, even on the subsequent 171 morning. Thus, to determine nest distribution across habitats we monitored turtle nesting 172 activity at night, for three nights in 2013 (n = 407 nests identified) and six nights in 2014 (n = 173 1,152 nests identified), during the peak of the nesting season, and determined the habitat 174 and beach section for all 1,559 nests. During these focused assessments we surveyed all 175 four beach sections (2 km), at high tide (see Catry et al. 2002) , as quickly as possible 176 (typically < 1 hour), to ensure that most females were detected. Only females that were 177 laying, covering or camouflaging nests were counted, as otherwise turtles could still change 178 their location or abandon nesting activity. To avoid counting the same female twice, this 179 survey was conducted by one person only, and only in one direction (i.e. on return no turtles 180 were counted), additionally, in wider beach sections with higher density, temporary marks 181 were drawn in the sand to identify a counted animal. We used chi-square statistics to test if 182 the distribution of nests among beach sections, and among habitats within each beach 183 section, was independent of survey date, within and between years. 184
Nest and sand temperatures 188
From September to November 2013, and August to October 2014, encompassing the peak 189 of the nesting seasons, we recorded hourly nest temperatures with Tinytag-TGP-4017 190 dataloggers (Gemini Data Loggers, Chichester, UK, ± 0.3°C accuracy, 0.1°C resolution). We 191 placed dataloggers in the centre of each clutch (n=101 nests; 46 and 55 in 2013 and 2014, 192 respectively), after ca. 50 eggs were laid, and we encircled each nest with three wooden 193 poles, to help prevent destruction by other nesting females. The dataloggers had a long red 194 string attached, extended to the subsurface, so it was easier to find them upon nest 195 excavation, additionally, we surveyed these nests daily, to detect any perturbation. For a 196 subset of nests (n=30; 16 and 14 for 2013 and 2014, respectively), control dataloggers were 197 deployed 1 metre from the clutch, at a mean mid-clutch depth of ~ 70 cm (local data, 198 unpublished), to estimate the difference in sand temperature associated with metabolic heat 199 produced by the eggs . Nest and control loggers were distributed 200 across the four beach sections (section 1: n=19 nests; 5 control sites, section 2: n=25; 7, 201 section 3: n=26; 8, section 4: n=31; 10), and the three habitats identified ('open sand': n=64 202 nests; 11 control sites, 'forest border': n=21; 9, 'forest': n=16; 10). All dataloggers were 203 calibrated before and after each field season in a constant temperature room (24 hours at 28 204 ºC) and used only if accuracy was ≤ 0.3 ºC. Data were used to calculate mean temperatures 205 during the middle third of incubation (IPmid), with the incubation period (IP) ending at hatching 206 (identified as a peak in temperature followed by a decrease until emergence, Matsuzawa et 207 al. 2002) . We discarded the initial four hours of temperature records, to enable data loggers 208 to equilibrate with the surrounding sand . 209
For each nest we recorded beach section and habitat. At nest excavation we further 210 recorded: nest chamber depth (after all nests contents were removed), clutch size (from a 211 count of hatched and unhatched eggs), hatching success ( % = ℎ ℎ ℎ / 212 ℎ ), and emergence success (E% = 213 (n egg shells -n dead and live hatchlings found inside nest chamber)/clutch size). from stranding on the intertidal rocks, where they generally die from exposure to sunshine 242 and avian predators. 243
Histological examination of gonads was conducted at the University of Lisbon. Cross 244 sections of the kidney-gonad complex were kept for 16 hours in a 50:50 mix of resin (Kulzer, 245
Technovit 7100 system) and 96% ethanol, followed by 24 hours in 100% resin, and a further 246 24 hours in a mix of resin and hardener (Kulzer, Technovit® 7100 hardener, 1 ml for each 15 247 ml of resin). The cross sections were then sectioned further into 3 mm-width slices using a 248
Leica RM 2155 microtome, allowed to dry for 24 hours, stained with toluidine blue for one 249 minute and mounted with NeoMount glue. Photographs of each section were obtained with a 250
Leica DFC 290, using software Irfanview v.4.27 (Skiljan, 2012) . Identification of gonad 251 structures and paramesonephric ducts followed criteria described in Miller & Limpus (2003) . 252
Sex assignment was independently conducted by two researchers (AM and RR). 253
Consistency in sex identification was 95% (compared for 131 hatchlings); for mismatched 254 assignments (n=7) observers conferred until reaching agreement. 255 256
Data analysis 257
Generalised Linear Models (GLM) with Gaussian error structure and identity link function 258 were used to test for the effects of beach, habitat, nest depth and clutch size (independent 259 variables) on i) IPmid mean incubation temperature (response variable); and ii) hatching and 260 emergence successes (response variables). 261
Most studies consider the IPmid as the TSP, however, as gonad differentiation depends on 262 embryonic development rather than incubation duration, the TSP in nests with fluctuating 263 temperatures may differ from the IPmid (Girondot and Kaska, 2014) . We thus used R 264 package embryogrowth v.6.4 (see Girondot and Kaska, 2014 for detailed methods), which 265 accounts for the stages of embryonic development in response to temperature, to estimate 266 the beginning, end, and mean incubation temperatures of the TSP, for each nest with sexed 267 hatchlings, using gastrula size for C. mydas from Kaska & Downie (1999) , mean hatchling 268 size (SCL) from our data, and other parameters following Girondot & Kaska (2014) . GLMs 269 with binomial errors and logit function were fitted to our data of sex ratio (response variable) 270 against the following independent variables: i) IPmid mean incubation temperature, ii) TSP 271 mean incubation temperature, and iii) IP (to hatching). We assessed goodness-of-fit of 272 GLMs through p-values and deviance. The best-fit logistic response function with 95% 273 confidence intervals (CI) and reconstructed TSP mean incubation temperatures, across 274 habitat and nesting season, were used to estimate primary sex ratios in 2013 and 2014. All 
Nesting distribution 280
During our daily surveys we counted 48,696 green turtle tracks in 2013, and 83,304 in 2014, 281 from early August to late November, corresponding to 24,348 and 41,652 female 282 emergences, respectively (each emergence corresponding to an ascending and a 283 descending track). Following Catry et al (2009), we multiplied the number of emergences by 284 1.05, to account for the period of the nesting season that we did not monitor, and by 0.813 to 285 adjust for nesting success (Catry et al. 2009 ). We estimate that in total 20,785 clutches (95% 286 CI: 18,049 -22,855) were laid in 2013 and 35,556 clutches (95% CI: 30,877 -39,099) were 287 laid in 2014. Peak nesting activity in both years was from August to September, coinciding 288 with heavier precipitation ( Fig. 2a, b , e, f). 289
The largest proportion (34.7 ± 1.4%) of tracks were found in section 1, followed by 24.9 ± 290 0.2% in section 4 and 20.4 ± 0.6%, and 20.0 ± 1.0% in sections 3 and 2, respectively. There 291 was no difference in nesting distribution among beach sections ( 2 (3) =0.14, P = 0.98) or 292 habitats ('forest', 'forest border', 'open sand'; Table S1 ) within and between study years. We 293 thus calculated the mean nesting distribution among habitats; within each beach section 294 ( Fig.1b) , and overall. Most of the clutches were laid in the 'open sand' 64.2 ± 7.9 %, followed 295 by the 'forest' 22.1 ± 7.8%, and the 'forest border' 13.7 ± 5.1%. 296
Incubation temperatures 298
Clutch size (120.3 ± 30.2, n=98, F1,95=0.7, P=0.4) and bottom nest depth (0.8 m ± 0.2, n=98, 299 F1,97=0.8, P=0.4) were poor predictors of IPmid mean incubation temperatures. However, 300 there were significant differences among nesting habitats (F2,89=27.1, P<0.01), with IPmid 301 mean incubation temperatures increasing from the 'forest' Table  309 S2) than in the western sections (1 and 2 in Fig.1b ). In addition, IPmid mean incubation Fig. S3c ). We were unable to get sand temperatures for December 2013 and for 319
July 2014, so we reconstructed these with air temperature using the equation sand = 320 0.94 air + 3.04 (T=temperature ºC, F1,37=54.53, P<0.0001, r 2 =0.60, Fig. S4 ). Finally, we 321 added 0.5 ºC of mean metabolic heating, estimated for the IPmid (0.5 ºC ± 0.4, range: -0.4 -322 1.2 ºC, n=20). There were no significant differences among habitats in metabolic heating 323 (F12, 17=1.7, P=0.22). Lower IPmid incubation temperatures were predicted for nests laid in July and August, with higher temperatures expected for clutches laid in September and 325 October ( Fig. 2c, d) . 326
Incubation period (IP) 328
We were able to estimate the IP (to hatching) of 88 nests, ranging from 40 to 70 days, with a 329 mean of 53.5 ± 5.0 days (n=88). For the remaining 13 nests we estimated the IP by 330 subtracting to the emergence date the mean length of the period between hatching and 331 emergence, which was 5.0 ± 1.4 days. The IP was inversely correlated with mean incubation 332 temperature (IP = -3.4644 * mean incubation temperature + 156.92, r 2 =0.87, P<0.0001). 333
Consequently, mean IP decreased from the 'forest' habitat (60.2 ± 5.1 days, n=13), to the 334 'forest border' (55.5 ± 3.9 days, n=16), and to the 'open sand' (51.3 ± 3.5 days, n=59). 335 336
Hatching and emergence successes 337
Hatching success ranged from 0 to 100%, with a mean of 65.4 ± 33.9%, and we found no 338 significant relationship with either clutch size (F1, 93 = 2.6, P = 0.113), nest depth (F1, 92 = 0.2, 339 P = 0.647), beach section (F3, 94 = 1.9, P = 0.126), or habitat (F2, 95 = 2.2, P = 0.119). The 340 emergence success was also independent of clutch size (F1, 93 = 3.6, P = 0.062), nest depth 341 (F1, 92 = 0.3, P = 0.592), and beach section (F3, 94 = 3.1, P = 0.052), but dependent of nesting 342 habitat (F2, 95 = 3.7, P = 0.028). Emergence success decreased from the 'open sand' (66.1 ± 343 30.8%, range: 0.0 -100%, n = 62), to the 'forest border' (51.9 ± 38.3 %, range: 0.0 -98.2%, 344 n = 20), and to the 'forest' habitat (42.2 ± 41.6%, range: 0.0 -96.2%, n = 16). It should be 345 noted that study nests were relatively protected from the destructive action of nesting 346 females, such that these parameters may be slightly overestimated. 347 348
Sex ratio estimates and hatchling size 349
We identified the sex of 131 hatchlings from 27 nests, laid from 1 to 22 of September and 350 distributed across the three habitats and the four beach sections (Table S3) , with an average 351 of 4.9 ± 0.4 hatchlings per nest. Male hatchlings were significantly larger (4.95 ± 0.19 cm, 352 range: 4.44 -5.33 cm, N = 83) than females (4.73 ± 0.18 cm, range: 4.26 -5.11 cm, N = 48, 353 t (95) = -6.542, P < 0.0001). The beginning of the TSP was 2.0 ± 0.7 days later than the start 354 of the IPmid (range: 0.8 -3.2 days), and the end of the TSP was 3.3 ± 1.1 days later than the 355 end of the IPmid (range: 2 -5 days). Thus, the mean length of the TSP was highly coincident 356 with the mean length of the IPmid (differing only by 1.3 ± 0.6 days), justifying the use of the 357 18-day average to predict the incubation temperature felt by clutches during the critical 358 period of gonad differentiation. Additionally, the resulting difference in mean incubation 359 temperatures between the TSP and the IPmid was negligible; 0.3 ± 0.1 ºC (range: 0.0 -0.5 360 ºC). All three covariates: i) IPmid mean incubation temperature, ii) TSP mean incubation 361 temperature, and iii) IP (to hatching) had a significant effect on expected sex ratio, with P < 362 0.0001. We used the logistic equation with TSP mean temperatures as the independent 363 variable to estimate sex ratios across habitats and nesting seasons, as this model had 364 smaller residual deviance (null deviance of GLMs = 127.9, residual deviance of GLMs using 365 i) IPmid mean temperatures = 56.8, ii) TSP mean temperatures = 56.0, iii) IP = 62.9). The 366 pivotal temperature was 29.4 ºC, and the TRT ranged from 27.6 -31.4 ºC ( Fig. 3a ). Some 367 nests behaved atypically, for instance we sampled only males from a nest incubated at 368 feminizing temperatures (˃ 30ºC, Fig. 3a ). The IP equivalent to the pivotal temperature was 369 55.1 days (Fig. 3b ). We estimated that 47.7% (95% CI: 36.7 -58.3%) and 44.5% (95% CI: 370 33.8 -55.4%) of hatchlings that were produced in 2013 and 2014, respectively, were male 371 ( Fig. 4) . These estimates were reduced by 3.5%, when considering the emergence success 372 at each habitat (i.e. 44.2% and 40.9% post-emerged males for 2013 and 2014, respectively). 373
The proportion of male offspring produced was higher in the western beach sections (Fig.  374 1.b). Both the nesting habitat and clutch date influenced sex ratios. The mean expected 375 proportion of males for both years at the 'open sand' was 29.5% (95% CI: 20.2 -40.9), at the 376 'forest border' was 56.6% (95% CI: 43.5 -68.3%), and the 'forest' was 90.3% (95% CI: 79.2 -377 95.5%). The sex ratio at the 'forest habitat' was always male-biased (Fig. 5) , and a higher 378
proportions of males were produced during the month of August (Fig. 4) . 379
Discussion 381
We report here the first field-based estimates of primary sex ratio, pivotal temperature and 382 transitional range of temperatures (TRT), from one of the major green turtle nesting 383 rookeries worldwide, and the largest in the Southern Atlantic DPS (Seminoff et al. 2015, Fig.  384 6). We found temporal and spatial heterogeneity in incubation conditions, leading to variation 385 in estimated sex ratios, but an overall balanced primary sex ratio when the entire nesting 386 season was considered. These estimates diverge from the primarily reported female-biased 387 hatchling sex ratios at most rookeries. Our site-specific sex ratio curve enabled us to 388 generate robust population-specific estimates, and can be applied for future monitoring of 389 climate change impacts on the primary sex ratio. Insights gained from this work have broad 390 application on the conservation management of sea turtle nesting habitats, and will 391 specifically inform local decision makers towards an improved management of the marine 392 protected area (MPA) of João Vieira and Poilão. We recommend conservation actions, and 393 highlight a way forward to more fully understand the full scope of population resilience to 394 climate change, and its potential for adaptation. 395 
Within-population variability on primary sex ratio response 420
We found inter-clutch variation on the sex ratio response to mean incubation temperatures 421 and to incubation period, similar to other field studies ( to override the effect of temperature on gonad differentiation; such that clutches incubated at 439 female-biased temperatures, but with high humidity, produced more males than expected 440 . Relative humidity is likely an important attribute of nests at 441 Poilão, given the coincidence between the nesting and the rainy seasons. Moreover, the 442 groundwater level after heavy rain episodes or spring tides is sufficiently high, that 443 accumulated water can be seen inside abandoned nest chambers and body pits at areas 444 with low elevation. Interestingly, the atypical nest mentioned above with 100% males at 445 feminizing incubation temperatures was very close to the high tide line (~1 m). An interaction 446 between the effects of humidity and those of heritability, on the mechanisms of TSD, may be 447 driving the observed variation within the TRT. Most important, both the variability in sex ratio 448 response to incubation temperatures, and the wide TRT, are suggestive of resilience and 449 potential for adaptation to climate change. It should be noted that the observed variation is 450 not expected to bias sex ratio estimations, as the atypical values (i.e. more males than 451 predicted under 'female-biased' temperatures, and vice versa), to some extent, cancelled 452 each other out, because incubation temperatures during the TSP are fairly even distributed 453 above and below the pivotal temperature at Poilão . 454 455
Temporal and spatial refugia: resilience and adaptation to climate change 456
Male hatchling production varied greatly over relatively small spatial scales; both from the 457 exposed beach area to the dense vegetation (increasing from 30% to 91%), and from the 458 east to the west beach sections (increasing from 35% to 56%); and over short temporal the western beach sections may be more exposed to Atlantic winds, or distance to the high 464 tide line, as the western beach sections are narrower, so that nests are on average closer to 465 the sea experiencing cooler temperatures (Fuentes et al. 2010a ). Both the cooling effect of 466 vegetation cover (Kamel, 2013; Janzen and Janzen, 2016) , and rainfall (Godfrey et al., 1996;  selection has been observed in sea turtles (Kamel & Mrosovsky 2006b ). This provides scope 489 for natural selection to occur, as females choosing to nest at cooler sites will probably have 490 enhanced fitness under future global warming scenarios (Hays et al., 2017) . There may be a 491 trade-off however, between improved thermal conditions and reduced emergence success, as we found the latter to be significantly lower at vegetated area, likely a consequence of the 493 presence of roots entangling hatchlings, as frequently observed upon nest excavations. 494
Primary sex ratio and implications for breeding sex ratio 496
Overall we estimated a relatively balanced seasonal primary sex ratio. This may imply a 497 male-biased operational (breeding) sex ratio (OSR) for the green turtle population at Poilão, 498
as several populations with female-biased primary sex ratios have been found to have 499 production, as these are likely to become of higher conservation value in the future. 520
Conclusions 522
Significant information gaps on sea turtle primary sex ratios exist, both at a species and at a 523 geographic level. Adding Poilão to the regional map of green turtle primary sex ratios will 524 contribute to assessments of the metapopulation. There are now robust estimates of this 525 population parameter from the three main nesting rookeries within the Southern Atlantic 526 DPS, but estimates are still lacking from other significant rookeries (e.g. Aves Island, French 527
Guiana and Trindade Island, Fig. 6 ). 528
A key outcome of this study is the evidence supporting the importance of native vegetation 529 for population resilience. Poilão currently enjoys a full protection of its habitat, thanks to 530 national laws and its sacred status among the local communities (Catry et al., 2009) . 531
However, on nearby islands where numerous clutches are also laid annually (IBAP 532 unpublished data), significant deforestation for slash-and-burn agriculture has taken place in 533 recent years. Forest conservation and the enforcement of rules banning the felling of trees 534 inside the MPA are critical actions, and of broad impact, contributing to the conservation of 535 both sea turtles and other species using the coastal forest habitat, notably the globally 536 endangered Timneh parrots Psittacus timneh (Lopes 2014) . 537
Our findings indicate that despite current climate changes the population at Poilão seems 538 resilient to warming temperatures, however, other aspects of climate change must be 539 considered. Thermal expansion of the ocean will increase the mean sea level, causing 540 inundation and erosion of coastal areas, worsened further by predicted increased storm Table S3 . Summary information for 27 green turtle clutches, incubated under natural conditions at Poilão Island, Guinea-Bissau, and respective 994 number and proportions of male hatchlings sexed from each clutch. IP: incubation period to hatching; IPmid: middel third of IP; TSP: thermo-995 sensitive period; Δ: difference in days between start and end of IPmid and TSP (estimated using embryogrowth v.6.4 R package, Girondot and 996 Kaska 2014); CI: confidence interval. Habitat definitions can be found in the methods section. For beach section definitions see Fig.1b 
